ABSTRACT
INTRODUCTION
SARs (scaffold-associated regions) have been defined as candidate DNA elements that organize the chromatin loops of both interphase nuclei and metaphase chromosomes (1) (2) (3) (4) . Recent structural studies provide strong evidence that, in general, SARs define the bases of the chromatin loops of native chromosomes (5) . The loop/scaffold model thus satisfactorily explains the classical chromosome banding phenomenon. SARs do not appear to share a conserved sequence; rather, they are characterized by a high content of A and T residues (>70%). The dominant sequence element of SARs are the A-tracts, which are AT-rich sequences containing short homopolymeric runs of dA • dT base pairs (6, 7) . As shown by studies with the peptide antibiotic distamycin, the SAR-scaffold interaction is mediated by proteins that recognize certain structural features of non-B form DNA rather than a precise base sequence. These structural features could include the narrow minor groove of the A-tracts that are embedded in SARs and/or possibly DNA bends (6, 8) . A number of proteins including topoisomerase II, histone HI, and HMG-I/Y appear to bind specifically to SAR elements through a preferential interaction with the non-B structural features of SAR DNA (7, (9) (10) (11) (12) (13) . Thus, the specificity of the SAR-scaffold interaction arises from a structural motif that is common to SAR DNA, and is not dictated by specific sequences.
A number of mapping studies have shown that SARs are found in close vicinity to the enhancers of many tissue-specific genes (14) (15) (16) (17) . SARs have also been found at the boundaries of transcription units, where they may be associated with the borders of DNase I-sensitive or 'active' domains (1, 14, (18) (19) (20) (21) . Remarkably, the presence of SARs flanking various heterologous reporter genes consistently stimulates gene expression (22) (23) (24) (25) (26) (27) (28) . This effect has been observed in various biological systems, from stably transformed cell lines to transgenic mice and plants, and underscores a role for SARs as general facilitators of transcription.
The S AR-mediated stimulation of transgene expression is not observed in transient assays, but only after stable integration of the test constructs in the genome (22, 23, 29) . This suggests that SARs may exert an effect via chromatin structure, since transiently transfected DNA is in general poorly organized into nucleosomes. (30, 31) . This laboratory has proposed a model to explain the general stimulatory effect of SARs on transcription. We proposed that SARs facilitate the displacement of histone HI (a process referred to as chromatin opening) through interactions with proteins with similar DNA binding motifs, such as the high mobility group proteins HMG-I/Y (4, 32) . Both histone HI and HMG-I/Y bind selectively to the A-tracts of SARs and competition experiments between the two have demonstrated that HMG-I/Y is 'dominant': that is, HMG-I/Y can displace prebound histone HI from a SAR template (13) . It remains to be shown how these in vitro studies will apply to chromatin.
Some studies have suggested that SARs may confer positionindependent expression to homologous and heterologous promoters, although there is considerable variation in the reported expression data (23, 33) . The position-independent expression of a gene may require the cooperation of several different DNA regulatory elements, and it was of interest to determine the role that SARs might play (if any) in this process (see 4, 34) . In this study, we set about to confirm the stimulatory effect of SARs on gene expression, as observed by others, and we extended our study by testing whether SARs can indeed confer positionindependent expression on heterologous reporter genes. For this purpose, we used well-characterized SAR sequences that appear to carry no additional regulatory information. We also examined the Drosophila scs elements, which are putative domain boundary elements (35, 36) , and demonstrate that, unlike SARs, these elements do not generally facilitate gene expression in a heterologous system. Interestingly, we also noted mat a relatively short GC-rich DNA sequence can block the stimulatory effect of SARs on gene expression.
MATERIALS AND METHODS Plasmids
The plasmid p6 contains the SV40 promoter and enhancer sequences in front of the chloramphenicol acetyltransferase (CAT) gene, followed by the SV40 small t intron and the SV40 polyadenylate addition site. These sequences were cloned into pUC18 and were mostly derived from pSV2CAT (37) . The intergenic hsp70 heat shock SAR (S,) of the 87A7 locus of Drosophila was cloned as a 960 bp BamHI-Xhol fragment from the plasmid pl22.1 (38) . Two copies of the hsp70 heat shock SAR were cloned into p6, at positions flanking the CAT transcription unit, to create p8. The histone SAR (S 2 ) was cloned as a 657 bp EcoRI-Hinfl fragment from the histone HI -H3 spacer of the Drosophila histone repeat (1) . Two copies of the histone SAR were cloned into p6 to create p910 and pl314. p6 HI and p6 Ura3, respectively, contain a 300 bp Hindffl-Pstl fragment from the coding region of the Drosophila HI gene and a 965 bp PstI-Hindin fragment from the Sacharomyces cerevisiae Ura3 gene (39), 5' of the SV40 enhancer. The plasmid pSV21 is a derivative of p6 in which the SV40 promoter and enhancer sequences were removed and replaced with a BamHI-Hindin fragment from pSO (40) that contains the origin sequences and the three 21-bp repeats of SV40. pSV21SAR contains the hsp70 SAR on a 960 bp BamHI-Xhol fragment inserted 5' of the 21-bp repeats in pSV21. The scs-containing plasmids were created by cloning the 500 bp BamHI scs' fragment (B 1 ) or the 1.8 Kb Sail scs fragment (B, kindly provided by Paul Schedl) into p6 or its SAR derivatives, p8 and p910. Plasmids p265 and p266 contain a dimerized portion of the CpG islands (G) from the Chinese hamster dhfr gene flanking the CAT gene in the p6 and p8 constructs, respectively. The CpG islands were isolated on a 516 bp fragment between the Avail and Drall sites located at -664 and -148 bps relative to the ATG translation initiation codon of the CHO dhfr gene (41) . The monomer fragment was inserted between the BamHI and Bglll sites of a derivative of pSP64, and was then re-isolated as a Bam-Bgl fragment. This fragment was ligated in the presence of BamHI and Bglll and the resulting direct repeats were purified as dimers.
Transfections
The HeLa S3 and L [TK~] cell lines were obtained from the American Type Culture Collection. HeLa cells were propagated in RPMI or DMEM (Gibco-BRL) supplemented with 5% newborn calf serum. L cells were propagated in DMEM with 5% newborn calf serum. HeLa cells were transfected by electroporation (42) in the absence of carrier DNA. The reporter constructs were linearized with Kpnl or Sad, which cut 5' of the SV40 promoter, or with Aatll, which cuts in the pUC18 vector sequences, and 20 ng were mixed with 2 fig of EcoRIdigested pSV2 neo (43) . DNAs were added to 5x 10 5 cells in 0.8 ml of HeBS, pH 7.05, and incubated for 5 minutes on ice in Bio Rad Gene Pulser cuvettes with an electrode gap of 0.4 cm. The cells were exposed to a 250 volt pulse at a capacitance setting of 960 /tF and allowed to recover for 10 minutes on ice before plating on 4 8-cm dishes. After 48 hours, the medium was changed and was supplemented with 400 /ig/ml geneticin (G-418 sulphate, Gibco BRL). Clones were generally collected 14 days after the addition of geneticin. L cells were transfected by calcium phosphate precipitation following the described protocol (26) except that 5 ng of linearized reporter plasmids and 0.5 ng of pSV2 neo were added per 8-cm dish. After 48 hours, the cells were diluted 3-fold and plated in medium containing 700 /ig/ml geneticin. Clones were collected after 12-14 days of selection.
Analysis of expression CAT activity was measured as described (37) , except that 1 OD 2 6o of extract was assayed. Appropriate dilutions of each extract were used, when necessary, to maintain conversion to acetylated forms of chloramphenicol at levels less than 20-30%. The acetylated [ DNA copy number was determined by quantitative Southern blotting. 10 /ig of genomic DNA were digested with Xbal/Hindm, Pstl/Hindm or Xbal/PstI to remove the CAT gene and the digests were probed with a 450 bp HindlH-NcoI fragment from the 5' portion of the CAT gene. Single isolates of p6 and p8 transformants were checked for un-rearranged copies of integrated CAT/SAR constructs by digestion with BamHI/HindlH or Xbal. The 5' ends of the genomic CAT mRNAs were mapped by an RNase protection assay (44) . Total RNA was isolated using the guanidine isothiocyanate/cesium chloride procedure (45) . 10 /tg of RNA were hybridized to 32 Plabeled RNA probes covering 150 nucleotides from the 5' end of the CAT gene and extending 109 nucleotides into the SV40 promoter.
RESULTS
A minimal SAR stimulates expression without conferring position-independence We tested the effect of two minimal Drosophila SARs on the expression of the chloramphenicol acetyltransferase (CAT) reporter gene driven by the SV40 promoter and enhancer. The 657 bp 'histone' SAR is derived from the non-transcribed spacer between the HI and H3 genes (1) . In nuclei, the chromatin structure of this scaffold attachment site is highly ordered, with a 'static' nucleosome organization and no DNase I hypersensitive sites (46, 47) . A 960 bp fragment containing the 'heat shock' SAR located between the divergent hsp70 genes at the 87A7 locus (1) shows a similar chromatin structure, and is located upstream of Only the double-SAR constructs are shown. In addition to the constructs shown graphically, p5 corresponds to p8 minus the 3' SAR, and p27 to p8 minus the 5' SAR. Likewise, pl2 corresponds to p910 minus the 3' SAR, and p56 to p910 minus the 5' SAR. The plasmid pSV21 lacks the SV40 enhancer sequences and retains only the three 21 bp repeats (depicted by dashes above the line) and origin sequences from the SV40 promoter. The constructs p61 and p62, which are not depicted, correspond to p63 minus the 3' scs' element and to p63 minus the 5' scs element, respectively, while p81 and p82 correspond to p83 minus the 3' scs' element and to p83 minus the 5' scs element, respectively. The 1.8 Kb scs or the 500 bp scs' elements are shown as hatched bars and the 1 Kb GC-rich fragment as cross-hatched bars. Plasmids are not drawn to scale.
the sequences involved in the regulation of the heat-shock response (48, 49) . These minimal SARs, which appear free of proximal promoter regulatory elements, were cloned either upstream, downstream, or flanking the SV40 enhancer-promoter-CAT gene transcription unit of the plasmid p6, called 'Ecat' (see Figure 1 and Methods). Stable cell lines were generated by cotransformation of the SAR-reporter constructs with the plasmid pSV2-neo, and selection with neomycin. We initially examined individual, stably transformed cell lines. The integrity of the reporter gene constructs was tested by Southern blotting of genomic DNA, and only the cell lines with un-rearranged gene copies were used. The levels of CAT activity were normalized for the number of integrated gene copies. The results for the individual cell lines are plotted in Figure 2A . This figure illustrates the strong, position-dependent variegation of gene expression among the independently transformed cells. However, despite a large variation in the individual levels, the average expression is increased seventeen-fold in the double-SAR constructs. The mean level of CAT expression per gene copy (CAT units/gene) is 4.1 for the no-SAR construct p6 (Ecat) and 69A for the double-SAR construct p8 (S r Ecat-S!). In the latter construct, two copies of the Drosophila hsp70 heat shock SAR (S,) flank the CAT gene.
Despite the substantial stimulation of expression observed in the presence of flanking SARs, these elements do not confer position-independent expression. The variegation in expression levels per gene copy observed among the double-SAR transformants is even higher (198-fold) than that observed among the no-SAR transformants (38-fold). In fact, both sets of points show poor fits to a straight line, with \ 2 values of 539 and 3344 for the no-SAR and double-SAR levels, respectively. Since the enhancement of gene activity caused by the presence of flanking Table 1 for an explanation of the constructs. CAT activity, normalized for CAT gene copy number, is shown for each construct. The value of CAT activity represents an average from duplicate transfections that were analyzed in triplicate. 200-300 neomycin-resistant clones were obtained in each transfection. stimulation of expression is observed in the transformants with either a high or low number of gene copies.
SARs enhance CAT expression at the level of transcription. Figure 2B shows the major 5' start sites of the CAT mRNA expressed in three different no-SAR clones and in three different double-SAR clones. The predominant 5' ends of the pSVCAT mRNAs correspond to the positions of the three commonly used start sites of the SV40 major early promoter (50) . The levels of expression among the individual transformants shown here vary from 2.4 to 218 normalized CAT units. Even when CAT expression is greatly stimulated by the presence of two SARs, the sites of transcription initiation remain unaltered.
SARs stimulate CAT expression in a cumulative manner
A variety of constructs were tested in which single SARs were inserted either 5' or 3' to the reporter gene, as opposed to flanking the reporter gene with two SARs. Given the large spread in the levels of expression observed among individual transformants, we decided to pool entire populations of transformants, corresponding to an average of 200 HeLa clones. The results of this series, which include both the heat-shock and histone SARs, are summarized in Figure 3 and in Table 1 . In the combined pools of transformants, insertion of two copies of the heat shock SAR flanking the CAT gene leads to about a fifteenfold increase in the average level of CAT expression. This result confirms that obtained with an analysis of individual clones (Figure 2A) , in which CAT expression was enhanced seventeenfold in the double-SAR construct, and demonstrates the feasibility of analyzing transformants as pooled populations rather than as individual clones. In contrast to the effect seen with two SARs, one copy of the heat shock SAR, placed either 5' or 3' relative to the CAT gene, augments CAT expression only four-fold (compare p5 and p27 to p6). Similarly, one copy of the histone 
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The mean values and standard deviations of normalized levels of CAT activity are listed for a series of SAR-containing constructs transformed into HeLa cells. All constructs contain the CAT reporter gene driven by the SV40 enhancer and promoter, except for pSV21 and pSV21SAR, which lack the enhancer (see Figure 1) . The fold-stimulation is measured as enhancement relative to the p6 control. Transient assay refers to the levels of CAT expression measured 48 hours after transient transformation of 10 /tg of circular plasmids. These values are averaged from duplicate transformations. ND (not determined). Table 2 . The normalized levels of CAT activity plus standard deviations from the mean are listed for a series of SAR-, SCS-, and CpG-island-containing constructs transformed into L cells (see Figure 1 ) SAR in either the 5' or 3' position (pl2 and p56) leads to a roughly three-fold enhancement of expression, while two copies results in either a nine-or a fifteen-fold enhancement. The SARmediated stimulation of expression is thus consistently higher with two copies of SAR fragments than with one. Similar experiments were done in mouse L cells, which can be more efficiently transformed than HeLa cells to yield an average of 300-400 clones per transfection. These experiments, summarized in Table 2 , confirm the results obtained in HeLa cells except that in L cells, the addition of two flanking heatshock or histone SARs has an even more substantial effect on expression, enhancing it about forty-three times (compare p8 or p910 with the p6 controls).
We were originally concerned that the fragment containing the heat shock SAR might carry additional transcriptional regulatory information. The enhancer capacity of the SAR was thus tested in the enhancer-less construct pSV21 (see Table 1 ). As assayed both in stably-or transiently-transformed HeLa cells, one copy of the heat shock SAR had no effect on the expression of the CAT gene (compare pSV21SAR and pSV21). Furthermore, in contrast to their effect on stably integrated enhancer-CAT constructs, the SARs had no stimulatory effect on un-integrated copies of the same genes. Thus, when the series of SAR constructs discussed above was analyzed two days posttransfection, the levels of CAT expression were fairly constant among all of the constructs tested (see last column of Table 1 ). The Drosophila SARs failed to show enhancer activity even when tested in Drosophila tissue-culture cells (51) . In conclusion, SARs do not behave like classically-defined enhancers since they have no effect in transient transfection assays and cannot substitute for the SV40 enhancer in either transiently-or stably-transformed constructs. Consequently, in order to exert their stimulatory effects, SARs must cooperate with other transcriptional elements, such as enhancers, and this cooperation can apparently only function in the context of a chromatin environment that is stably maintained and propagated.
Drosophila scs elements do not behave as SARs
The scs elements of the Drosophila hsp70 gene are flanking elements that contain DNase I hypersensitive sites, and that coincide with the morphological boundary of the 87 A7 heat shock puff in polytene chromosomes (52) . These sequences are thought to function as domain boundary elements since they buffer the white gene from position effects in stably transformed Drosophila embryos (35) , and a copy of the scs element completely blocks the function of the Drosophila yolk protein enhancer when placed between the enhancer and a reporter gene (36) . It was not clear whether these elements might exhibit SAR-like activities, both in their ability to bind the nuclear matrix and to augment the transcription of trans-genes. We tested the capacity of the scs and scs' boundary elements to bind to the nuclear matrix ( Figure  4) . Under conditions where the heat shock and histone SARs are mostly bound to the Drosophila matrix in vitro (see lanes 1 and 3), neither the 1.8 kb scs nor the 500 bp scs' elements exhibit any ability to bind (lanes 5 and 7). Thus, although these elements are approximately 66% rich in AT residues, they do not behave as SARs in vitro. The effect of the Drosophila scs boundary elements on the expression of stably integrated reporter genes was tested in both HeLa and L cells. In HeLa cells, the scs and scs' boundary elements, referred to as B and B', stimulated transcription by a modest factor of two when inserted in positions flanking the CAT gene in either the no-SAR (p6) or the double-SAR construct (p8). These results are schematized in Figure 5 (compare p63 [B-Ecat-B'] with p6 and compare p83 [S,B-Ecat-B'Si], which contains copies of the scs or scs' elements between the CAT gene and both SARs, with the parent construct p8). If only one copy of either the scs or scs' element was inserted in the no-SAR control, p6, or in the double-SAR construct p8, there was no significant effect on CAT expression (compare p61 and p62 with p6 and compare p81 and p82 with p8). Thus, the scs boundary elements, which on their own stimulate CAT expression by a factor of about two, do not appear to cooperate with SARs to further enhance transcription in human cells.
The analysis of the scs boundary elements was repeated in mouse L cells, and is included in Table 2 . The results are similar to those observed in HeLa cells: if the scs or scs' elements flank the reporter gene in the no-SAR or double-SAR constructs, in general a modest stimulation of expression is observed, on the order of two-to four-fold. Thus, in the construct p63 (B-Ecat-B'), in which an scs and scs' element flank the reporter gene, expression is stimulated four-fold relative to the baseline level of expression from the p6 constructs (p6, p6 HI, and p6 Ura3). When the scs boundary elements are combined with SARs, there is at most a slightly over two-fold effect (compare p83 [S]BEcat-B'S,] with p8, and compare p9 [S 2 B'-Ecat-B'S 2 ] and pl3 [B'S 2 -Ecat-S2B'] with p910). In fact, it is only in the latter construct, pi3, where the scs' elements are located outside of the reporter gene and both SARs, that a measurable increase of expression is observed.
The only notable exception to the otherwise minor effect of the scs boundary elements was observed with the construct p7 (B'-Ecat-B'), in which the same element, scs', flanks the reporter gene. In this construct expression in L cells was enhanced about sixteen times relative to the baseline. Although this result was reproducible, we do not understand how the scs' elements exert such an effect. One possibility is that the scs' element has enhancer activity in L cells. Although this was not directly tested, the scs' element does not have a significant enhancer activity in Drosophila tissue culture cells (56) .
In conclusion, while the presence of two flanking SARs stimulates the expression of the reporter gene by a factor of roughly twenty or forty, depending on whether HeLa or L cells are used as hosts, the addition of two flanking scs boundary elements generally has only a two-to four-fold effect, either in the presence or absence of SARs. Thus, the scs boundary elements exert only about one-tenth of the stimulatory effect provided by SARs. Barring the unexplained result with the p7 construct, the modest effect of the scs boundary elements may be insignificant, especially in relation to both the SAR effect and to the general buffering effect that any DNA sequence can provide when used to extend the region flanking the CAT reporter gene (see p6 HI and p6 Ura3 in Table 2 and unpublished results). Of note is the observation that when placed between a SAR and a promoter, the scs boundary elements do not block the stimulatory effect of SARs on expression. This property of the boundary elements is in contrast to that of the inhibitory elements discussed below.
CpG islands block the stimulation of transcription by SARs
SARs are generally AT-rich (>70%) and their affinity for the nuclear scaffold and for proteins such as histone HI and topoisomerase II is effected through contacts with the A-tracts found in all SAR sequences (6, 7, 32) . Since the SAR-mediated stimulation of expression is particularly strong in L cells, it was of interest to test the effect of DNA fragments with the opposite base composition. For this purpose, we used a 550 bp GC-rich (69%) sub-fragment of the Chinese hamster dhfr gene (see Methods). This fragment, which contains a substantial portion of the upstream CpG island (50 CpG dinucleotides), was dimerized head-to-tail and inserted both 5' and 3' of the reporter CAT gene in the no-SAR and double-SAR constructs, p6 and p8. The CAT expression levels in stable transformants are shown in Table 2 and Figure 6 . The flanking GC-rich fragments have little effect on the expression of the reporter gene in the no-SAR construct (compare the expression of p265 [G-Ecat-G] and the p6 controls). However, when the GC-rich fragments are placed inside the flanking SARs of the double-SAR construct to generate p266 (SjG-Ecat-GSi), we observe a strongly reduced expression from this double-SAR construct, approaching that from the no-SAR controls. The inhibitory effect of the 1.1 Kb GC-rich fragment on the SAR-stimulated expression is not due to distance, since the insertion of 1.8 Kb scs or 500 bp scs' elements in constructs such as p83 (S^-Ecat-B'S!) or p9 (S 2 B'-Ecat-B'S 2 ) does not diminish their SAR-stimulated expression (see Figure  5 and Table 2 ). Other groups have also reported that, at least over relatively short distances of less than about 2 kb, SARs appear to function in a distance-independent manner (29) . Our results thus indicate that the dhfr CpG islands can block the stimulatory effect of SARs when they are placed between the reporter gene and the SAR.
DISCUSSION
A number of studies in tissue culture cells have shown that SARs flanking homologous or heterologous reporter genes stimulate transcription, generally by a factor of 10-30 (23, 29, 33) . Scaffold attachment is conserved in evolution between plants and animals (53-55) and a yeast SAR substantially stimulates the expression of reporter genes in tobacco cells (27) . In this study, we confirm the stimulatory effect of SARs: flanking an SV40 promoter-CAT reporter gene with two copies of the Drosophila hsp70 or histone gene repeat SAR results in a 10-20-fold stimulation of expression in HeLa cells, and about a 40-fold stimulation in mouse L cells. The SAR-mediated stimulation is observed only when the reporter gene is stably integrated into the genome, in agreement with previous reports (22, 23, 29) . In addition, the Drosophila SARs do not have any enhancer activity on their own, since they do not simulate the expression of reporter genes lacking the 72 bp repeats of the SV40 enhancer.
Unlike some previous reports (23, 28, 33) , we see no evidence that the minimal Drosophila SARs confer position-independent expression, that is, that they can buffer the reporter gene from the effects of the surrounding chromatin. This is shown in Figure  2A , in which a plot of expression versus gene copy number of individually transformed cells fails to normalize to a consistent value. Thus, despite the strong stimulatory effect of SARs on the average expression among a population of cell transformants, examination of the individual transformants shows that the expression per gene copy is by no means constant. In fact, the range of expression seen among the cells transformed with the double-SAR construct (1.1-218 CAT units) is higher than that seen among the no-SAR transformants (0.3 -12 CAT units). We believe that the establishment of position-independent expression may be a relatively complex process, requiring the action of other sub-elements such as boundary or contact elements (4) . Although the Drosophila SARs do not buffer the reporter gene from position effects, they consistently stimulate the average level of expression by over an order of magnitude. As observed in numerous experiments, this stimulatory effect due to SARs is very reproducible, despite the fact that in experiments using pools of transformants, the expression levels typically vary within about 60% of the mean value.
We tested the effect of the Drosophila hsp7O scs boundary elements on expression, both in the absence or in the presence of SARs. Either alone or in combination with SARs, the scs and scs' elements generally have only a modest (2-4-fold) stimulatory effect on expression when assayed in HeLa or L cells. Furthermore, when placed between a SAR and the reporter gene, these elements do not interfere with the stimulatory effect of SARs on expression. Thus, the scs elements, which do not show SAR activity as judged by their ability to bind nuclear scaffolds in vitro and by their failure to substantially stimulate the expression of stably integrated transgenes in HeLa cells, also do not appear to work as 'boundary' elements. This result is perhaps not surprising in light of the fact that proteins homologous to those isolated from Drosophila nuclear extracts on the basis of their ability to bind scs sequences were not detected in HeLa extracts (56) . In mouse L cells two scs' elements exert a marked stimulatory effect on expression (16-fold), which is still less than that observed with two SAR sequences (44-fold). Although it is possible that the scs' element acts as an enhancer in L cells, experiments in Drosophila tissue culture cells demonstrate that this element can block but cannot serve as an enhancer (56) . In addition, the scs elements do not appear to act in synergism with SARs in either HeLa or L cells. Further analysis of the mechanism of action of scs elements in vivo will require a better molecular characterization of the scs-binding proteins.
We also tested the effects of a GC-rich fragment containing the CpG islands from a dhfr housekeeping gene. By itself, this fragment did not influence expression; however, when placed between the SARs and the reporter gene, it largely blocked the stimulatory effect of the SARs. Thus, although the GC-rich fragment interferes with the SAR effect, it is otherwise not toxic to gene expression. The relatively small size of our fragment (1 Kb) precludes a negative effect that would arise merely from the increased distance between the SARs and the reporter gene, and the insertion of an scs or scs' element between the SAR and the reporter gene certainly did not inhibit expression. If SARs act to maintain the chromatin of flanking sequences in an open configuration, then the GC-rich fragment could block this chromatin opening mechanism by some unknown mechanism. Consequently, such a fragment could serve as a boundary element for SARs, delimiting the spreading of the SAR effect into flanking chromatin. Unfortunately, our simple transfection assay provides no clue as to how these GC-rich elements exert their blocking effect. It is conceivable that fragments containing large clusters of CpG dinucleotides have a higher probability of forming inactive chromatin due to methylation (57) . Further studies aimed at understanding the molecular mechanism by which the GC-rich elements exert their SAR-blocking effect may shed new light on the function of other types of boundary elements. To this end, it is interesting to note that previous experiments in this laboratory identified a class of generally GC-rich flanking sequences that inhibited the binding of SAR sequences to the nuclear matrix (58).
SARs have now been shown to work as general facilitators of transcription in a variety of heterologous systems driven by different promoters. The SAR effect is thus unlikely to be tissueor gene-specific. The observation that SARs stimulate expression of stably integrated reporter genes, and not of transiently transfected genes, is consistent with their putative role as longrange modulators of chromatin structure, and lends credence to the idea that SAR function may be structurally conserved in evolution. We have described SARs as regions of chromatin that facilitate the displacement of histone HI and, as a consequence, lead to the unfolding of the chromatin fiber (4, 32) . In vitro, SARs mediate the displacement of histone HI from transcription templates by HMG-I/Y, which allows RNA polymerase free access to the template (13) . In chromatin, SARs may likewise attract displacement proteins such as HMG-I/Y which are able to compete with or remove histone HI from neighboring sequences. The resulting, more open chromatin conformation would facilitate the entry of transcription factors to neighboring enhancer and promoter sequences. A recent study of the effect of SARs on hsp70 expression during diferent stages of development in transgenic mice lends in vivo support to the proposed role of SARs in mediating chromatin opening (59) .
Likewise, the MARs (or SARs) associated with the immunoglobulin /i heavy chain locus are required for transcription of the n gene in transgenic B lymphocytes, but not in stably transfected tissue culture cells (60) . The formation of an extended DNase I-sensitive chromatin domain encompassing the /i gene is also dependent on SARs. To date, the accumulated evidence clearly demonstrates a functional role for SARs in gene expression while other, recent evidence continues to implicate SARs in the structural anchoring of the peripheral chromatin loops to a central AT-rich scaffold (5). Thus, SARs would appear to have a dual role, structural and functional, which are not neccessarily mutually exclusive. If SARs mediate chromosome condensation by bringing together the bases of chromatin loops, they might also do so by enhancing the accessibility of proteins involved in this process, such as topoisomerase II. In order to distinguish between the 'structural' role of SARs in mitosis and their 'functional' role in interphase, some regulatory mechanism, such as cell-cycle-dependent phosphorylation, may ultimately be required.
